Recent measurements by the Pierre Auger Observatory suggest that the composition of ultra-high energy cosmic rays (UHECRs) becomes dominated by heavy nuclei at high energies. However, until now there has been no astrophysical motivation for considering a source highly enriched in heavy elements. Here we demonstrate that the outflows from Gamma-Ray Bursts (GRBs) may indeed be composed primarily of nuclei with masses A ∼ 40 − 200, which are synthesized as hot material expands away from the central engine. In particular, if the jet is magnetically-dominated (rather than a thermally-driven fireball) its low entropy enables heavy elements to form efficiently. Adopting the millisecond proto-magnetar model for the GRB central engine, we show that heavy nuclei are both synthesized in proto-magnetar winds and can in principle be accelerated to energies ∼ > 10 20 eV in the shocks or regions of magnetic reconnection that are responsible for powering the GRB. Similar results may apply to accretion-powered GRB models if the jet originates from a magnetized disk wind. Depending on the precise distribution of nuclei synthesized, we predict that the average primary mass may continue to increase beyond Fe group elements at the highest energies, possibly reaching the A ≈ 90 (Zirconium), A ≈ 130 (Tellurium), or even A ≈ 195 (Platinum) peaks. Future measurements of the UHECR composition at energies ∼ > 10 20 eV can thus confirm or constrain our model and, potentially, probe the nature of GRB outflows. The longer attenuation length of ultra-heavy nuclei through the extragalactic background light greatly expands the volume of accesible sources and alleviates the energetic constraints on GRBs as the source of UHECRs.
INTRODUCTION
The origin of Ultra-High Energy Cosmic Rays (UHECRs) is one of the great mysteries in high energy astrophysics (e.g. Blandford & Eichler 1987; Nagano & Watson 2000) . UHECRs are generally thought to originate from extra-galactic distances: the break observed in the cosmic ray spectrum at ∼ 3 × 10 18 eV (the 'ankle') is often interpreted as the energy beyond which the Galactic magnetic field can neither isotropize UHECRs nor appreciably prolong their residence time in the Galaxy (e.g. Hillas 2005 ). An extra-galactic origin is also suggested by the cut-off observed in the spectrum above ∼ 6 × 10 19 eV Abbasi et al. 2008) , which is generally interpreted as the result of UHECRs (protons or heavy nuclei) interacting with the cosmic microwave background (CMB) and other sources of extra-⋆ E-mail: bmetzger@astro.princeton.edu galactic background light (EBL). This is the 'GZK' effect, initially proposed for protons by Greisen (1966) and Zatsepin & Kuz'min (1966) .
Only a handful of astrophysical sources are plausible sites for accelerating UHECRs because the requirements on the magnetic field, compactness, and energy budget are stringent. Commonly discussed candidates can be divided into persistent and transient sources. Persistent sources include powerful relativistic jets from Active Galacti Nuclei (AGN; e.g. Mannheim & Biermann 1992; Berezinsky et al. 2002; Farrar & Gruzinov 2009; Dermer et al. 2009; Takami & Horiuchi 2010) , weaker AGN jets (e.g. Honda 2009; Pe'er et al. 2009 ), and galaxy clusters (e.g. Inoue et al. 2007 ; Kotera et al. 2009 ). Candidate transient sources (Waxman & Loeb 2009 ) include classical Gamma-Ray Bursts (GRBs; Waxman 1995; Vietri 1995; Milgrom & Usov 1995; Waxman 2004 Waxman , 2006 Dermer 2010) , low luminosity GRBs (e.g. Murase et al. 2006) , AGN flares c 2010 RAS (e.g. Farrar & Gruzinov 2009) , and relativistic ('engine-driven') supernovae (e.g. Chakraborti et al. 2010) .
The arrival directions of UHECRs provide a potentially important probe of their origin. Measurements by the Pierre Auger Observatory (PAO) rule out isotropy for the highest energy cosmic rays at ∼ 98% confidence (Armengaud 2008) , and PAO has furthermore discovered a correlation between the arrival directions of UHECRs with energies E > 57 EeV and nearby ( ∼ < 75 Mpc) AGN ). This result does not, however, imply that UHECRs necessarily originate from AGN, because AGN trace local Galactic structure, such that the correlation is consistent with a variety of other sources (Kashti & Waxman 2008; Ghisellini et al. 2008; .
1 At present the sources of UHECR cannot therefore be deduced from their arrival directions alone.
The composition of UHECRs also provides important clues to their origin. Although the composition is measured directly at low energies ( ∼ < 10 14 eV), at ultra-high energies it must be inferred indirectly by measuring the shower depth at maximum elongation X max . Recent measurements by PAO show that the average shower depth X max and its RMS variation decrease systematically moving to the highest energies (Abraham et al. 2010) . This suggests that the UHECR composition transitions from being dominated by protons below the ankle to being dominated by heavier nuclei with average masses similar to Si or Fe at ∼ 5 × 10 19 eV. We caution, however, that HiRes has not verified this finding (Abbasi et al. 2005 ).
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The UHECR composition measured by Auger is puzzling. One possible explanation is that the accelerated material has an intrinsically 'mixed' composition (with e.g. solar abundances), such that protons are accelerated to a maximum energy E = E p,max ∼ 10 18.5 eV, beyond which only heavier nuclei are accelerated. This seems plausible a priori because accelerator size considerations show that the maximum achievable energy increases linearly with the nuclear charge Z (Hillas 1984) . On the other hand, this explanation appears to require fine tuning because the maximum energy to which, for instance, Fe nuclei are accelerated E Fe,max ∼ Z × E p,max ∼ 8 × 10
19 (Z/26) eV must (by coincidence) be close to the cut-off observed at ∼ 6 × 10 19 eV and expected to occur independently from the GZK effect. A 'mixed' composition with metal abundance ratios similar to the Sun or Galactic cosmic rays also appears inconsistent with modeling of the propagation of UHECRs through the EBL , which suggest that the injected composition has a fairly narrow distribution in charge (e.g. Hooper & Taylor 2010) .
A second possibility is that the accelerated material is dominated by heavy nuclei. In this case the proton-dominated composition measured near the ankle may be explained as secondary particles produced by the interaction of the nuclei with the EBL (e.g. Hooper & Taylor 2010) . A heavy-rich composition is unlikely in the case of AGN, galaxy clusters, and supernova shocks because the accelerated material originates from the interstellar medium. For a solar composition, the fraction of the total mass in Fe nuclei and heavier is just X Fe ∼ 10 −3 , such that only for extremely super-1 In addition, the latest PAO results suggest that the significance of the AGN correlation is reduced from previous measurements (The Pierre Auger Collaboration: J. Abraham et al. 2009 ). 2 One possible explanation for this discrepency is that PAO and HiRes observe different portions of the sky. We note that HiRes also does not find the correlation of UHECRs with AGN seen by PAO (e.g. Sokolsky & Thomson 2007) .
solar metallicity (∼ 10 3 Z ⊙ ) could heavy nuclei dominate the total UHECR mass.
In this paper we show that UHECRs from GRBs, unlike AGN, may indeed be composed of almost entirely very heavy nuclei. In particular, if the outflow from the central engine is strongly magnetized we find that Fe-group nuclei and possibly heavier elements (A ∼ > 90) are synthesized during its expansion. Although it is well established that long duration GRBs originate from the core collapse of massive stars (Woosley & Bloom 2006) , it remains debated whether the central engine is a hyper-accreting black hole (Woosley 1993) or a rapidly spinning, strongly magnetized neutron star (a 'proto-magnetar'; e.g. Usov 1992 ). We focus here on the proto-magnetar model, which recent work has shown can explain many of the observed properties of GRBs (Thompson et al. 2004; Metzger et al. 2007; Bucciantini et al. 2007; Metzger et al. 2010) . However, similar considerations may apply to accretion-powered models, provided that the jet is magnetically-dominated rather than a thermally-driven fireball ( §2.2).
NUCLEOSYNTHESIS IN MAGNETICALLY-DRIVEN GRB OUTFLOWS
The high temperatures T > 1 MeV near the central engine imply that all nuclei are dissociated into free neutrons and protons.
Heavier elements form only once lower temperatures and densities are reached at larger radii in the outflow. If the outflow forms as a fireball dominated by thermal energy (as would occur if the jet is powered by neutrino annihilation along the rotational axis; e.g. Eichler et al. 1989 ), its entropy is necessarily high S ∼ > 10 5 k b nucleon −1 . Free nuclei recombine into Helium only once the deuterium bottleneck is broken. Since this occurs at low densities when the entropy is high, few elements heavier than He are formed, similar to Big Bang nucleosynthesis (Lemoine 2002; Beloborodov 2003) . Pure fireballs are therefore unlikely to produce jets enriched in heavy elements.
The situation is different if the jet is accelerated magnetically, as occurs from proto-magnetars or magnetized accretion disk winds. In this case most of the energy is stored in the magnetic field (Poynting flux) at small radii and the flow has a much lower entropy S ∼ 10 − 300 k b nucleon −1 (see Fig. 1 and eq.
[1] below). Under these conditions Helium recombination occurs at higher densities, such that heavier nuclei can be formed efficiently via e.g. the triple-α reaction and subsequent α captures. Below we focus on the nucleosynthesis in proto-magnetar winds because the outflow properties can be calculated with relative confidence (Metzger et al. 2010) ; however, in §2.2 we briefly discuss the composition of accretionpowered outflows.
Proto-Magnetar Winds
When a massive star runs out of nuclear fuel, its core undergoes gravitational collapse. This results in a hot 'proto-neutron' star (proto-NS), which radiates the energy released during the collapse in neutrinos (e.g. Burrows & Lattimer 1986) . As neutrinos escape, they heat the material above the proto-NS surface, potentially powering a supernova (SN) explosion during the first few hundred milliseconds after core bounce (e.g. Bethe & Wilson 1985) . However, regardless of how the star explodes, if the core does not collapse into a black hole, neutrinos continue to heat the proto-NS atmosphere on longer timescales t ∼ 1 − 100 s. This drives mass from the proto-NS into the expanding cavity behind the outgoing Figure 1 . Properties of proto-magnetar winds, calculated for a magnetar with surface dipole field strength B dip = 5 × 10 15 G, initial spin period P 0 = 2 ms, mass M ns = 1.4M ⊙ , and magnetic obliquity χ = π/2, based on the model of Metzger et al. (2010) . Wind properties shown include the total spin-down powerĖ (solid line), magnetization σ 0 (dotted line), entropy S (eq. [2]; dashed line), and expansion timescale at the radius of He recombination τ exp (dot-dashed line). Also shown is the estimated time required for the jet to break out of the stellar surface (t ∼ 10 s), the timescale prior to which nuclei are disintegrated by GRB photons (τ γ−N = 10; eq. [6]), and the end of the GRB according to the model of Metzger et al. (2010) (t ≈ 60 s). The unshaded area denotes the time interval during which nuclei synthesized in the wind both survive photodisintegration and may be accelerated to energies ∼ > 10 20 eV according to the criteria of the internal shock model discussed in §3.2.
SN shock, producing what is known as a 'neutrino-heated wind' (Duncan et al. 1986; Burrows et al. 1995; Qian & Woosley 1996; hereafter QW96) .
If the proto-neutron star is strongly magnetized (dipole field strength B dip ∼ > 10 15 G) and rapidly rotating (initial spin period P 0 ∼ 1 − 3 ms), i.e. a 'millisecond proto-magnetar', its neutrino wind is accelerated primarily by magneto-centrifugal forces. By extracting the rotational energy of the neutron star, proto-magnetar outflows achieve the power and speed necessary to produce a GRB. In our calculations below, we use the time evolution of the poweṙ E and mass-loss rateṀ of proto-magnetar winds from the detailed model of Metzger et al. (2010) , to which we refer the reader for a complete description. FromĖ(t) andṀ(t), we calculate the wind magnetization σ 0 (t), which is defined as the ratio of Poynting flux to kinetic energy flux at the light cylinder radius R L ≃ 50(P/ms) km. The magnetization equals the Lorentz factor that the jet obtains if its magnetic energy (Poynting flux) is fully converted into bulk kinetic energy. Figure 1 showsĖ(t) (solid line) and σ 0 (t) (dotted line), calculated for a magnetar with B dip = 5 × 10 15 G, P 0 = 2 ms, and magnetic obliquity χ = π/2 (the angle between the rotation and magnetic dipole axes). During the first few seconds after core bounce, the magnetar wind is only mildly relativistic (σ 0 ∼ < 1) because the neutrino-driven mass loss rate is high. However, as the proto-NS cools, the outflow becomes increasingly relativistic and magnetically-dominated, such that σ 0 reaches ∼ > 10 2 − 10 3 on timescales ∼ 20 − 50 s. As we describe in §3, conditions during this epoch are ideal for both producing a GRB and accelerating UHECRs. At late times (t ∼ > 100 s), σ 0 increases even more rapidly because the neutrino-driven mass loss drops abruptly as the proto-NS becomes transparent to neutrinos. Because ultra high-σ 0 have difficulty efficiently accelerating and dissipating their energy, this transition likely ends the prompt GRB emission (Metzger et al. 2010) . Furthermore, after this point other processes (e.g. γ − B or γ − γ pair production) likely take over as the dominant source of mass loss (e.g. , such that the wind composition could change from baryon-dominated to e − /e + pairs. This would appear to make UHECR acceleration less likely during the ultra high-σ 0 phase at late times (although see Arons 2003) .
Heavy Element Nucleosynthesis
The temperature near the proto-NS surface (r = R ns ∼ > 10 km) is set by the balance between neutrino heating and cooling and is typically T (R ns ) ∼ 1 − 2 MeV on the relevant timescales t ∼ 10 − 100 s for producing a GRB and accelerating UHECRs (see QW96; their eqs. [46] [47] ). Because T ∝ r −1 in the radiation-dominated hydrostatic atmosphere, Helium recombination (T = T rec ∼ 0.5 − 1 MeV) generally occurs just a few NS radii above the surface. Because heavy elements begin to form only after recombination, the quantity and distribution of nuclei synthesized depends on the entropy S , electron fraction Y e , and the expansion timescale τ exp of the outflow at the recombination radius (e.g. Hoffman et al. 1997; Meyer & Brown 1997) , where Y e ≡ n p /(n n + n p ) and n p (n n ) is the proton(neutron) density, respectively.
The entropy in proto-NS winds is determined by the amount of neutrino heating that occurs in the 'gain region' just above the NS surface (but well below the recombination radius), which for 'normal' (slowly rotating and/or weakly magnetized) proto-NSs is well-approximated by the expression
( 1) where L 51 ≡ Lν e /10 51 erg s −1 , ǫ ν,MeV ≡ ǫν e /MeV, R 10 = R ns /10 km, M 1.4 ≡ M ns /1.4M ⊙ are the electron antineutrino luminosity, mean electron antineutrino energy, radius, and mass of the proto-NS (QW96; their eq. [48a]); C es is a correction to the heating rate due to inelastic electron scattering (QW96; their eq. [51a]); we have included a ∼ 20% entropy enhancement due to general relativistic gravity (e.g. Cardall & Fuller 1997 ); and we have assumed the electron neutrinos and antineutrinos have similar luminosities and mean energies. We calculate L ν (t), ǫ ν (t), and R ns (t) using the proto-NS cooling calculations of Pons et al. (1999) as described in Metzger et al. (2010) .
The entropy in proto-magnetar winds depends on the obliquity angle χ. For aligned rotators (χ ≈ 0), material leaves the NS surface near the rotational pole and its entropy is similar to the nonrotating value, i.e. S (Ω, χ = 0) ≈ S (Ω = 0) (eq. [1]). By contrast, oblique rotators (χ ≈ π/2) lose most of their mass in outflows from the rotational equator. Equatorial outflows experience significant centrifugal acceleration in the gain region, which reduces the heating received by the outflowing material and suppresses the entropy exponentially, viz.
where P cent ≈ 2.1L
−0.15 51 ms is taken from the numerical calculations of Metzger et al. (2007) for a proto-NS with M ns = 1.4M ⊙ and radius R ns = 10 km (their eq. [37]). Although the dependence of P cent on R ns has not yet been determined, the proto-NS has already contracted to its final radius ≈ 10 km by the times of interest for accelerating UHECRs (t ∼ > 10 s), such that the results of Metzger et al. (2007) are applicable.
The expansion timescale in the wind is defined as τ exp = (r/v r )| Trec , where v r is the outflow velocity and we calculate the recombination temperature T rec from the density and entropy, assuming nuclear statistical equilibrium (e.g. QW96; their eq.
[62]). We calculate the velocity using mass continuityṀ = ρv r A, where A = 4πR 1]) is offset by an increase in the exponential factor P cent /P (eq. [2]). Also note that at late times ( ∼ > 100 s) the expansion timescale τ exp becomes comparable to the timescale over which the properties of the wind are changing, suggesting that the steady-state assumption we have adopted may break down. Although this does not affect the conclusions of this paper because we are focused on the jet properties on timescales of tens of seconds, future numerical work is required to more accurately address the properties of magnetized proto-NS winds at late times and low neutrino luminosities.
The electron fraction Y e is important for two reasons. First, the value of Y e determines the channel by which helium burns to form carbon. Since this is the slowest reaction, Y e impacts the total heavy element yield. Under proton-rich conditions (Y e ∼ > 0.5), 12 C forms via the standard triple-α reaction sequence 4 He(2α,γ) 12 C. For Y e < 0.5, on the other hand, the neutron capture channel 4 He(αn,γ) 9 Be(α,n) 12 C instead dominates (Woosley & Hoffman 1992) . The electron fraction also determines the distribution of heavy nuclei synthesized. When Y e ∼ < 0.5, nuclei up to the N=50 neutron closed shell (A ∼ 90) are created via alpha particle and neutron captures, depending on Y e and the final α fraction (e.g. Woosley & Hoffman 1992; Roberts et al. 2010; Arcones & Montes 2010) . If Y e is sufficiently low, even heavier r-process elements (with characteristic peaks at A ≈ 130 and A ≈ 195) can be created by additional neutron captures (e.g. Seeger et al. 1965) . Under proton-rich conditions (Y e ∼ > 0.5), by contrast, mainly Fe-group elements (A ∼ 40−60) are created, although for Y e ∼ > 0.55 elements up to A ≈ 64 may be created by proton captures before the flow reaches 'bottleneck' nuclei 3 with long β−decay timescales such as 64 Ge (e.g. Arcones & Montes 2010; Roberts et al. 2010) .
Although the nucleosynthesis is sensitive to Y e , its value in proto-NS winds is rather uncertain. The surface of the protomagnetar is neutron rich (Y e ∼ < 0.1), but as nucleons are accelerated outwards in the wind they are irradiated by electron neutrinos and antineutrinos. This drives Y e to a value ∼ 0.4 − 0.6 that depends on the precise ν e /ν e luminosities and spectra (Qian et al. 1993 ).
2001; Duan et al. 2010) . Early SN calculations found that Y e decreased from ∼ > 0.5 at early times to ∼ < 0.5 as the proto-NS cooled (Woosley et al. 1994 ). More recent calculations including additional neutral-current interactions, however, find that Y e rises from ∼ 0.5 to ∼ 0.6 on a timescale ∼ 10 seconds (Hüdepohl et al. 2010) . Unfortunately, few calculations have yet been performed in the case of rapidly spinning proto-NSs. Thompson et al. (2005) find that the ν e /ν e luminosities and temperatures at t ∼ < 0.6 s are appreciably altered in the case of core collapse with rapid rotation, such that Y e is driven to a higher value than in the non-rotating case. It is, however, difficult to extrapolate their results to the much later times ∼ 10 − 100 s of interest here.
In our calculations below we consider both possibilities Y e < 0.5 and Y e ∼ > 0.5, keeping in mind that the true electron fraction probably lies in the range 0.4 ∼ < Y e ∼ < 0.6 and could vary with time and from event to event, depending on e.g. the NS mass, rotation rate, and obliquity. However, given the uncertainties, we cannot rule out the possibility that Y e is appreciably lower, in which case even heavier r-process elements with A ∼ > 100 are produced. In particular, although present theory does not find the necessary conditions for the second or third peak r-process in proto-NS winds, indirect evidence (from e.g. Galactic chemical evolution) suggests that the r-process indeed originates from core-collapse SNe (e.g. Mathews et al. 1992) .
Given S , τ exp , and Y e , we estimate the total mass fraction X h synthesized in heavy nuclei (A ∼ > 56) using the following analytic expressions from Roberts et al. (2010) 
The critical quantities in square brackets are essentially the reaction rate for 4 He → 12 C integrated over the timescale available for burning ∆t ∼ τ exp . In the proton-rich case, the reaction rate depends on the entropy squared because triple−α is an effective three-body reaction and ρ ∝ 1/S at fixed temperature, while in the neutron-rich case the reaction rate depends on entropy cubed because 4 He(αn,γ) 9 Be(α,n) 12 C is an effective four-body reaction. Figure 2 shows the total mass fraction in heavy nuclei X h (eq.
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[4]) as a function of time after core bounce, calculated for a magnetar with B dip = 5 × 10 15 G and P 0 = 2 ms, as in the wind model shown in Figure 1 . We show four models, corresponding to different values of the magnetic obliquity χ and the wind electron fraction Y e . In the case of a neutron-rich outflow (Y e = 0.4), both aligned and oblique rotators have X h ∼ 1 throughout the entire wind phase; heavy elements form efficiently because the 4 He(αn,γ) 9 Be(α,n) 12 C channel is fast and available (Woosley & Hoffman 1992 ). By contrast, proton-rich outflows have X h ∼ < 1 at all times because carbon must form through the (slower) triple−α channel. Note that at fixed Y e = 0.6, the heavy fraction is larger for an oblique rotator because X h depends sensitively on the wind entropy, which is suppressed in equatorial outflows (eq. [2]). Although the precise value of X h depends on the (uncertain) value of Y e , we conclude that in all cases a significant fraction of the mass of the wind is locked into heavy Figure 2 . Fraction of the mass in proto-magnetar winds that is synthesized into heavy elements X h (eq. [4]), calculated for a magnetar with dipole field strength B dip = 5 × 10 15 G, initial spin period P 0 = 2 ms, mass M ns = 1.4M ⊙ (see Fig. 1 ). Four models are shown, calculated for both aligned (magnetic obliquity χ = 0) and oblique (χ = π/2) rotators and for neutronrich (electron fraction Y e = 0.40) and proton-rich (Y e = 0.60) outflows. The area shown in white denotes the epoch during which nuclei synthesized in the wind may be accelerated to energies ∼ > 10 20 eV according to the internal shock model discussed in §3.2.
nuclei during the epoch of UHECR acceleration. Whatever mass is not used to form heavy nuclei remains as Helium, i.e. X He ≃ 1 − X h .
Although heavy nuclei may form deep in the wind, they could in principle be destroyed at larger radii in the jet. In particular, spallation can occur if heavy nuclei collide with a particle of relative energy exceeding the nuclear binding energy ≈ 8 MeV nucleon −1 . For heavy nuclei, the cross section for inelastic nuclear collisions is ∼ 1 barn, similar to the Thomson (photon) cross section. Because the flow contains ∼ Z electrons per nucleon, this implies that inelastic scattering is only important at radii well inside the Thomson photosphere at r ph ∼ 10 11 cm (e.g. Koers & Giannios 2007) . If strong shocks were to take place at these small radii, the resultant heating could in principle destroy the nuclei. However, for the strongly magnetized jets under consideration, the magnetization is probably still high at these radii, such that strong shocks are highly suppressed (e.g. Kennel & Coroniti 1984) . In particular, the radial profile of acceleration to a Lorentz factor Γ ∝ r β occurs more gradually in MHD jets (β ≈ 1/3 − 1/2; Drenkhahn & Spruit 2002; Vlahakis & Königl 2003a,b; Komissarov et al. 2009; Tchekhovskoy et al. 2009; Granot et al. 2010 ) than in thermally-accelerated fireballs (β = 1). This implies that full acceleration to Γ ∼ σ 0 ∼ 100 − 1000 is generally only possible at large distances (typically ∼ > 10 12 cm), well into the region where the plasma is collisionless with respect to direct nuclear collisions. We thus conclude it is unlikely that nuclei are destroyed during the collimation and acceleration phase of the jet (although in §3.3 we discuss the conditions under which nuclei are destroyed by GRB photons during the subsequent UHECR acceleration phase).
Accretion-Powered Outflows
Heavy nuclei may also be produced in GRB outflows powered by black hole accretion, provided that the jet is magnetically-driven. If the jet threads the black hole event horizon (as occurs if its power derives from the spin of the black hole; Blandford & Znajek 1977) , then the outflow composition is effectively baryon-free near the ergosphere. To what degree baryons are entrained in the jet at larger radii depends on uncertain diffusive processes from the jet walls, thereby making σ 0 difficult to predict with confidence (e.g. Levinson & Eichler 2003; McKinney 2005) . The entropy in this case depends on the amount of heating (due to e.g. ν −ν annihilation or magnetic reconnection) and this uncertain baryon loading. If, on the other hand, the jet directly threads the surface of the accretion disk (e.g. Blandford & Payne 1982) , its mass-loading may (as in proto-magnetar winds) be controlled by neutrino heating in the disk atmosphere (e.g. Levinson 2006; Surman et al. 2006; Metzger, Piro & Quataert 2008) . In this case, the outflow is likely to be proton-rich , with an entropy and expansion timescale similar to those in protomagnetar winds, but depending on the accretion rate, black hole mass, open magnetic field geometry, and wind launching radius (see e.g. Metzger, Piro & Quataert 2008; their eqs. [24] and [26] ). Although the outflow properties are less certain than in protomagnetar winds, efficient nucleosynthesis may well lead to a heavy fraction X h ∼ 1 in accretion-powered outflows as well.
UHECR ACCELERATION IN PROTO-MAGNETAR JETS
Near the light cylinder radius R L ∼ 100 km the power in the magnetar wind is concentrated in the rotational equator (e.g. Bucciantini et al. 2006 ). On larger scales the wind is collimated into a bipolar jet by its interaction with the progenitor star (e.g. Uzdensky & MacFadyen 2007; Bucciantini et al. 2007 Bucciantini et al. , 2008 Bucciantini et al. , 2009 . After the jet propagates through the star and 'breaks out' of the surface on a timescale t ∼ 10 s (e.g. Aloy et al. 2000) , the magnetar wind escapes through a relatively clear channel. High energy emission (the 'GRB') occurs when the jet dissipates its energy via shocks or magnetic reconnection at larger radii ∼ 10 13 − 10 16 cm (see below). Although there are many potential sources of short timescale variability in the outflow (e.g. interaction of the jet with the confining stellar envelope), numerical simulations show that the time-and angle-averaged values ofĖ(t) and σ 0 (t) (Fig. 1 ) match those set by the magnetar wind at much smaller radii (e.g. Morsony et al. 2010) . We assume that the opening angle of the jet at the stellar surface is θ j ∼ 4
• (e.g. Bucciantini et al. 2009 ), such that the isotropic jet luminosity is related to the wind power byĖ iso =Ė/ f b , where f b = θ 2 j /2 ≃ 2 × 10 −3 is the beaming fraction.
If UHECRs originate from GRBs, they are probably accelerated by the same dissipative mechanisms responsible for accelerating electrons and powering the GRB emission. For magneticallydominated outflows, most of the jet's energy resides in Poynting flux near the central engine; a sizable fraction of this magnetic energy must be converted into bulk kinetic energy in order to explain the high Lorentz factors (Γ ∼ > 10 2 ) inferred from GRB observations (e.g. Lithwick & Sari 2001) . Depending on the means and efficacy of acceleration in the jet, gamma-ray emission (and UHECR acceleration) may be powered either by the dissipation of the jet's Poynting flux directly ('magnetic reconnection') near or above the photosphere ( §3.1); and/or via 'internal shocks' within the jet at larger radii ( §3.2).
Below we discuss the conditions for UHECR acceleration in magnetar jets. Our treatment closely follows past work that relies on direct constraints from GRB observations (e.g. Waxman 1995) . However, this is the first time that the analysis has been applied 2) models. In each case both the dynamical timescale constraint t acc ∼ < t exp and the synchrotron cooling constraint t acc ∼ < t cool are shown with solid lines; the limiting (minimum) value of E max at each time is shown in boldface. Dotted lines show the optical depth to nuclear disintegration via the GRB photons τ γ−N (right axis; eq. [6]). The unshaded area denoted 'HEAVY UHECRs' represents the epoch during which nuclei are simultaneously capable of reaching ultrahigh energies (i.e. E max > 10 20 eV) yet are not destroyed by GRB photons (i.e. τ γ−N < 10; see eq. [6]). using a 'first principles' central engine model for the jet properties and the location where dissipation occurs.
Acceleration by Magnetic Reconnection
One way reconnection can occur in the jet is if the rotation and magnetic axes of the NS are misaligned (χ > 0), such that the outflow develops an alternating or 'striped' magnetic field geometry on the scale of the light cylinder radius R L (Coroniti 1990) . A similar field geometry may result if the jet is susceptible to magnetic instabilities (e.g. Giannios & Spruit 2006; McKinney & Blandford 2009; Moll 2009 ). If this non-axisymmetric pattern is preserved when the flow is redirected along the polar jet, the resulting geometry is conducive to magnetic reconnection. We adopt the model developed by Drenkhahn & Spruit (2002) , in which magnetic dissipation occurs gradually from small radii up to the 'saturation' radius r ∼ R mag ≃ σ 2 0 Pc/6ǫ, beyond which reconnection is complete and the flow achieves its terminal Lorentz factor, where ǫ = v r /c and v r is the reconnection speed (see also Lyubarsky 2010) . During this process, approximately half the Poynting flux is directly converted into kinetic energy (producing acceleration) and the other half is deposited into the internal (thermal) energy of the flow. We assume a fixed value ǫ = 0.01 independent of radius (e.g. Uzdensky et al. 2010 ), but our results would be qualitatively unchanged if reconnection were 'triggered' abruptly when, for instance, the outflow transitions to a collisionless regime (e.g. McKinney & Uzdensky 2010) .
One important constraint on a potential UHECR source is the maximum energy E max to which cosmic rays can be accelerated. One mechanism for accelerating particles in regions of magnetic reconnection is first-order Fermi acceleration, which occurs when particles are deflected at the converging upstream in the reconnection flow (Giannios 2010 ; see e.g. Lyutikov & Ouyed 2007 for an alternative possibility). For sufficiently fast reconnection, the acceleration timescale is very short, similar to the Larmor gyration timescale t acc ≃ η acc 2πE ′ /ZeB ′ c, where
1/2 are the particle energy and magnetic field strength (evaluated at r = R mag ), respectively, in the jet rest frame; Γ ∼ σ 0 /2 is the bulk Lorentz factor in the acceleration zone; and η acc ∼ 1 is a fudge factor that parametrizes our ignorance of e.g. the precise reconnection geometry. One constraint on E max is that t acc must be ∼ < the jet expansion timescale t exp ≃ R mag /Γc, such that cosmic rays can be accelerated within the dynamical timescale of the flow (Hillas 1984) . If the expansion timescale constraint does indeed determine E max , heavy nuclei achieve a value of E max that is a factor of ∼ Z larger than protons. Another constraint arises because the acceleration competes with cooling of the nucleus. The dominant cooling mechanism is synchrotron emission, which occurs on a timescale 
where ǫ mag is the fraction of jet power carried by Poynting flux and is ∼ 1 in the case of reconnection-powered outflows. The top panel of Figure 3 shows E max in the reconnection model as a function of time, based on the two independent constraints t acc ∼ < t exp and t acc ∼ < t cool and calculated for the same magnetar wind shown in Figure 1 , assuming η acc = 1. We also assume a pure Fe composition, although our results are similar if the composition is instead dominated by heavier nuclei (A ∼ > 90). Note that at the earliest times (t ∼ < 15 s in this example) synchrotron losses place the most severe constraint on E max , but at later times (t ∼ > 15 s) the expansion timescale constraint is more severe. As we discuss in §3.3 below, a more severe constraint at early times arises because heavy nuclei can be disintegrated by the GRB photons. The time interval shown in white (20 s ∼ < t ∼ < 50 s) denotes the epoch during which heavy nuclei both survive photodisintegration and achieve values of E max ∼ > 10 20 eV which are sufficient to explain UHECRs.
During this epoch ∼ 10 51 ergs of rotational energy is extracted from the magnetar, a large fraction of which could be placed into UHECRs.
Acceleration by Internal Shocks
If the jet is accelerated efficiently, then a significant fraction of its Poynting flux is converted into kinetic energy. Because σ 0 ∼ Γ increases monotonically during the GRB (Fig. 1) , slower material is released prior to faster material. Strong shocks will occur once the faster material catches up, provided that the residual magnetization of the jet at the collision radius is ∼ < 0.1 (Kennel & Coroniti 1984) . This scenario is similar to the standard internal shock model for GRB emission (e.g. Rees & Meszaros 1994) , except that the shock occurs between the fast-moving jet and the 'bulk' shell composed of the total mass released at earlier times (see Metzger et al. 2010 for a detailed description).
If UHECRs are accelerated by internal shocks (e.g. via Fermi acceleration; Gallant et al. 1999) , the conditions on E max are quite similar to the case of magnetic reconnection discussed above (i.e. t acc ∼ < t exp and t acc ∼ < t cool , with η acc ∼ 1), except that (1) shocks occur at larger radii; (2) the Lorentz factor of the shock is no longer the instantaneous value of the jet Γ ∼ σ 0 , but rather the average of the material released since jet break-out; and (3) the magnetic field necessarily carries a smaller fraction ǫ B ≪ 1 of the jet power than in the reconnection case (ǫ B ∼ 1), such that strong shocks are possible. In the bottom panel in Figure 3 we show the constraints on E max in the internal shock model, assuming ǫ B = 0.1, η acc = 1 (e.g. Achterberg et al. 2001) , and an Fe composition. Note that synchrotron losses are unimportant in this case, such that the expansion timescale constraint t acc ∼ < t exp sets E max at all times. Again, the time interval in white denotes the epoch when heavy nuclei survive photodisintegration (see below) and E max ∼ > 10 20 eV and ending only when the GRB ends at t ≈ 60 s. We conclude that regardless of whether jet dissipates its energy via reconnection or shocks, UHECRs with E max ∼ > 10 20 eV can be produced simultaneous with the epoch of GRB emission.
Photodisintegration at the Source
For heavy nuclei to escape the jet, they must avoid photodisintegration (primarily via giant dipole resonances; GDR) and other energy loss mechanisms (e.g. pion production, two nucleon emission, photo-absorption) due to interaction with the GRB photons. The 'Band' function that characterizes GRB spectra peaks at a characteristic energy E p ∼ 0.1 − 1 MeV. This corresponds to an energy E ′ p ≈ E p /Γ in the rest frame of the jet and an energy E
56 (Γ/10 2 ) −2 in the rest frame of a cosmic ray with (observer frame) energy E = γ A Am p c 2 , where E 20 ≡ E/10 20 eV and A 56 ≡ A/56. GDR and pion production occur at typical energiesǭ GDR ∼ 18A −0.21 56 MeV andǭ ∆ ∼ 0.3 GeV, respectively, which are both typically below the Band peak E ′′ p . Below the peak the Band spectrum has a power-law shape dN γ /dE γ ∝ E α γ , where α ≈ −1 (e.g. Nava et al. 2010) . For α = −1 the number of photons per logarithmic frequency interval around the resonance is approximately constant, such that in the jet rest frame N
2 ) is the total photon energy density, ǫ rad ∼ 0.1 − 1 is the radiative efficiency of the jet, and C ∼ 0.2 is the fraction of the gamma-ray energy released below the Band peak.
From these considerations we estimate that the number of interactions (photodisintegrations or pion-producing) experienced by an UHECR is given by
where ∆R ′ is the pathlength traversed by a nucleus as it is accelerated and escapes the acceleration region, which is approximately equal to the characteristic radius of the outflow in the comoving frame ≈ r/Γ; and σ r ,ǭ r and ∆ǫ r are the resonance cross-section, energy, and width, respectively. For heavy nuclei GDR dominates pion production and other energy loss mechanisms, so we assume a line width ∆ǫ r /ǭ r ∼ 0.4A 0.21 56 and cross section σ r ∼ 8×10 −26 A 56 cm 2 appropriate for GDR (e.g. Khan et al. 2005; Murase et al. 2008; Pe'er et al. 2009 ).
On the right axes in Figure 3 we plot τ γ−N (eq.
[6]) as a function of time in both reconnection and internal shock models, calculated assuming ǫ rad = 0.5, C = 0.2, and a pure Fe composition. We define the criterion for the survival of a nucleus as τ γ−N < 10 because a nucleus can experience ∼ 10 photodisintegrations before its composition is appreciably altered (see also §4.1 below). Note that τ γ−N ≫ 10 immediately after jet break-out, which shows that heavy nuclei synthesized at early times are destroyed. However, because Γ and the acceleration radius r both increase monotonically during the burst τ γ−N ∝ Γ −2 r −1 decreases rapidly with time, such that heavy nuclei survive (i.e. τ γ−N ∼ < 10) at times t ∼ > 15 − 20 s.
FROM THE SOURCE TO EARTH
The propagation of UHECRs through intergalactic space is important because their attenuation by the CMB/EBL and deflection by magnetic fields determines the maximum distance of sources and the time delay t d between the GRB and their arrival on Earth. Although the propagation of protons and nuclei have been studied extensively in previous works (e.g. Allard et al. 2005; Takami et al. 2006; Allard et al. 2008; Hooper & Taylor 2010) , we extend these considerations to the novel case of ultra-heavy nuclei.
Photodisintegration by the EBL
In this section we estimate the distance a heavy nucleus travels before it loses a significant fraction of its energy to interactions with the CMB and EBL (neglecting the effects of magnetic fields for the moment; in §4.2 we discuss the validity of this assumption). As in the GRB jet, Giant Dipole Resonances (GDRs) are the most important interaction. A nucleus of mass A and energy E A = γ A Am p c 2 interacts via GDR with a EBL photon of energyǭ
20 eV. Nuclei with energies E ∼ 10 19.5−20 eV and masses less than that of Fe generally interact with the CMB, which dominates over other photon sources at E ∼ < E CMB ≈ 5 × 10 −3 eV. Intermediate mass elements (e.g. He, C, O, Si) with ultra-high energies therefore have very short pathlengths through the EBL and are likely to arrive at Earth as secondary protons (e.g. Allard et al. 2005; Allard et al. 2008) .
Nuclei in the Fe group or heavier with E 20 ∼ 1, by contrast, haveǭ ′′ GDR ∼ > E CMB and instead interact with the the extragalactic infrared background (EIB). We approximate the EIB spectrum as dN γ /dE γ ∝ E −2.5 γ (e.g. Malkan & Stecker 1998; Dole et al. 2006) , such that the number of photons per decade in frequency
20 ∼ > 1), we (crudely) estimate the mean free path for a single GDR interaction as
where we have used the fact that σ GDR ∝ A,ǭ GDR ∝ A −0.2 , and have normalized λ 0 using the results of Allard et al. (2005) . Equation (7) represents the distance before a single nucleon or α particle is ejected. In order to calculate the total energy loss length χ 75 (defined as the distance until a nucleus loses ∼ 25% of its initial energy), we must determine how λ changes as the nucleus is torn apart. Because nuclei are ejected at subrelativistic speeds in the rest frame of the parent nucleus, in the lab frame they share the same Lorentz factor as the parent. Thus, the parent energy E decreases proportional to its mass ∝ A, with its Lorentz factor remaining constant at its initial value γ A . As a result, the parent nucleus continues to interact with the same radiation background of energy ∼ E GDR /γ A , i.e. N γ ∼ constant. However, because the disintegration cross section decreases (∆ǫ GDR /ǭ GDR ) × σ GDR ∝ A 1.2 , the mean free path increases as λ ∝ A −1.2 . The total energy loss length is therefore given by the sum of the individual mean free paths
wheren ej ∼ 1 is the mean number of nucleons ejected per disintegration. Equation (8) illustrates that at a fixed (measured) energy E ∼ 10 20 eV, the distance of accessible sources increases as D ∼ χ 75 ∝ A 1.3 . Although the accessible distance to Fe-rich sources is (by coincidence) similar to that of protons (χ 75 ∼ 150 Mpc), sources rich in nuclei with A ≈ 90(200) nuclei (as predicted if the jet is neutronrich) are observable to a distance ∼ 2(5) times larger. Such an increase in the number of accessible volume potentially alleviates energetic constraints on GRBs as UHECR sources (e.g. Eichler et al. 2010) by expanding the number of sources within the GZK horizon. We emphasize, however, that our above analysis has neglected several potentially relevant details (e.g. evolution of the EBL with redshift, energy losses to e − /e + production). A full propagation study will be necessary to determine whether a composition rich in ultraheavy nuclei X h ∼ 1 (and with a potentially significant He mass fraction X He ≃ 1 − X h ) is consistent with the measured UHECR spectrum and composition.
UHECR energetics and limits on the intergalactic magnetic field
We now discuss constraints on GRB energetics, and place limits on the strength of the intergalactic magnetic field, that are consistent with the hypothesis that heavy nuclei from GRBs are the primary source of UHECRs. If the injected UHECR spectrum is a power-law dN/dE ∝ E −s with s ∼ > 2, then the minimum source power per volume E min required to explain the observed UHECR flux is dominated by the smallest observed energies ∼ 10 19 eV and is given by
| 10 19 eV ≈ (0.5-2) × 10 44 erg Mpc −3 yr −1 depending on s (Waxman 1995; Berezinsky et al. 2006; Katz et al. 2009; Murase & Takami 2009 ), although this value may be somewhat smaller for a composition containing ultra-heavy nuclei because of their larger accessible distance ∝ χ 75 (eq. [8]). Each GRB must then on average contribute an (isotropic) energy ǫ CR E iso GRB ∼ > 10 54 ( f /10)(Ṅ GRB /0.5 Gpc −3 yr −1 ) −1 ergs, where ǫ CR is the ratio of the energy placed into UHECRs to that radiated as gammarays;Ṅ GRB is the local GRB rate (e.g. Guetta et al. 2005) ; and f = E(dN/dE)dE/E min > 1 is the factor by which E min understimates the total cosmic ray energy. For s ∼ > 2, the correction f is generally large ( ∼ > 10), which may place severe constraints on GRB models for UHECR by requiring that ǫ CR be unphysically high (e.g. Eichler et al. 2010) . If, on the other hand, the accelerated spectrum is shallow (s ∼ < 2), the total energy is dominated by the largest energies ∼ E max , such that the lower limit on ǫ CR E iso,tot GRB is probably much less severe. As we discuss in §5, a shallow injected spectrum also appears to be consistent with several other features of GRB models dominated by heavy nuclei.
We now discuss constraints on the intergalactic magnetic field. Although the (undeflected) path length of heavy UHECRs may be quite large (eq. [8]), heavy nuclei can be deflected significantly by the intergalactic field. In particular, too strong of a field results in a large deflection angle θ d > ∼ 1 rad, which would significantly reduce the accessible volume of sources (e.g. Piran 2010 ). For an intergalactic magnetic fields B int of correlation length δ, the deflection angle of a particle traveling a distance D ∝ χ 75 is
where R l = E/ZeB int is the Larmor radius of the particle. Setting θ d ∼ 1 rad gives an upper limit on the magnetic field strength:
where D 100 ≡ D/100 Mpc, δ Mpc ≡ δ/1 Mpc, and Z 30 ≡ Z/30. This limit is not particularly stringent because observational probes of intercluster magnetic fields constrain their strength on correlation lengths δ > ∼ 1 Mpc to be less than ∼ 1nG (see, e.g.,
Neronov & Semikoz 2009).
A minimum intergalactic field strength can be derived by the requirement that ∼ 10 20 eV cosmic rays suffer the minimum deflection that results in a spread in their arrival time after the GRB, such that at least one source within the GZK volume contributes to the local UHECR flux at any instant (e.g. Waxman & Loeb 2009 ). For an observed local rateṄ GRB ∼ 0.5 Gpc −3 yr −1 (Guetta et al. 2005) , the rate that GRBs occur within a sphere of radius D is R ∼ 2 × 10 −3 yr −1 D 3 100 . Since the duration of a GRB t GRB is ≪ R −1 , the cosmic ray signal must reach Earth with a spread in arrival times
100 yr, such that at least one 10 20 eV source contributes at any given time. Since the time delay is related to the deflection angle via t d ∼ Dθ 2 d /4c, we use equation (9) to arrive at a lower limit on the magnetic field strength:
For A ∼ 100 and Z ∼ 40 nuclei the attenuation length is D ∼ χ 75 ∼ 300 Mpc (eq.
[8]), resulting in the requirement B int > 10 −13 G. Although the strength of the extragalactic magnetic fields is poorly constrained by observations, the limits given by equations (10) and (11) allow for a reasonably wide range of field strengths consistent with heavy nuclei from GRBs as the source of UHECRs. We note that, in addition to the intergalactic field, UHECRs may interact with the more localized fields associated with large scale structure formation (e.g. galaxy clusters). Although it is difficult to predict the magnitude of this effect with confidence, the deflection angle and delay time could in principle be significantly enhanced (e.g. Das et al. 2008; see, however, Dolag et al. 2005 ). Likewise, a constraint similar to equation (11) arises by requiring that the angular distribution of sources on the sky be consistent with with the lack of small scale anisotropy observed by PAO (Takami & Sato 2008) ; evaluating this constraint in the context of ultra-heavy nuclei is, however, nontrivial and will require additional work (cf. Murase & Takami 2009 ).
DISCUSSION
The spectrum and composition of UHECRs measured by Auger are consistent with an accelerated composition dominated by heavy nuclei. However, until now there has been no astrophysical motivation for considering such a source. In this paper, we have shown that magnetically-dominated GRB outflows may synthesize heavy A ≈ 40 − 200 nuclei as they expand away from the central engine (Fig. 2) . Focusing on the millisecond proto-magnetar model, we have shown that the regions of magnetic reconnection or shocks responsible for the GRB emission also allow heavy nuclei to be accelerated to ultra-high energies E max ∼ > 10 20 eV while not being disintegrated by GRB photons (Fig. 3) .
Models that invoke GRBs as the source of UHECRs have been criticized on the grounds that the required energetics may be insufficient if the rate and observed gamma-ray fluences from GRBs are a proxy for the UHECR flux (e.g. Farrar & Gruzinov 2009; Eichler et al. 2010 ). However, this argument depends on the (uncertain) local rate of GRBs (e.g. Le & Dermer 2007) , the fraction of the jet energy used to accelerate baryons (versus electrons; e.g. Sironi & Spitkovsky 2011) , and the slope of the injected UHECR spectrum. It is thus interesting to note that a shallow injected energy spectrum both alleviates GRB energetic constraints ( §4.2) and may be necessary to fit the UHECR spectrum and composition measured by Auger if the injected composition is indeed dominated by heavy nuclei (e.g. Hooper & Taylor 2010) . Metzger et al. (2010) found that observed GRB spectra were best understood in the proto-magnetar model if magnetic reconnection ( §3.1) was responsible for powering the prompt gamma-ray emission rather than shocks ( §3.2). It is thus also important to note that numerical studies of magnetic reconnection indeed tend to predict flat accelerated spectra (e.g. Romanova & Lovelace 1992) .
Because the electron fraction in GRB outflows is uncertain, we cannot determine whether the heavy nuclei synthesized in GRB outflows are dominated by Fe group elements (A ∼ 40 − 60) or whether the distribution extends to even heavier nuclei (A ∼ > 90). If the latter are present in at least a modest subset of events, a unique prediction of our model is that the UHECR composition may continue to increase to nuclei heavier than Fe at yet higher energies ∼ > 10 20 eV. Making a measurement of the composition that is sufficiently accurate to test this prediction will, however, require both better statistics and a better understanding of the hadronic physics used to interpret the air showers.
Another consequence of an ultra-heavy composition is that the accessible distance of sources may be appreciably larger than for Fe or protons (see §4.1 and eq. [8] ). This alleviates energetic constraints on the GRB model for UHECRs, provided that the intergalactic magnetic field is not too strong ( §4.2). Although heavy nuclei probably compose a substantial fraction of the mass X h ∼ 1 in magnetized GRB outflows, the remainder is locked into 4 He. Helium is easily disintegrated into protons by the EBL and hence could contribute to the proton flux near the ankle. Alternatively, the proton-rich composition measured near the ankle could be secondary particles produced by the disintegration of heavier nuclei by the EBL, or they could represent an entirely different source of UHECRs (Galactic or extra-galactic).
If heavy nuclei from GRBs are indeed an important source of UHECRs, this would have several important consequences for GRB physics. For one, it would imply that GRBs outflows are magnetically-dominated, rather than thermally-driven fireballs (at least at their base). There is in fact growing evidence from Fermi observations that GRB jets may be magnetically-dominated (e.g. Zhang & Pe'er 2009) . If heavy nuclei are accelerated in GRB jets, this would also disfavor models in which GRBs are powered by heating from neutron-proton collisions (Beloborodov 2010) . The high densities in magnetically-driven outflows make in unlikely that free nuclei will avoid being captured into heavy nuclei.
